T he complement system, which is an important contributor to innate and adaptive immune responses, is composed of cell membrane regulators and receptors and several circulating plasma proteins, forming a proteolytic cascade that is immediately activated when rapid initiation of the inflammatory reaction is needed (1) . Activation of complement leads to the generation of several complement effectors, including the anaphylatoxins C3a and C5a. Anaphylatoxins can enhance inflammation, either by directly binding to their receptors on target cells or by acting indirectly through interactions with other contributors to the inflammatory response (1) . Although the function of inflammation is to eliminate pathogens, under certain clinical conditions it may cause more damage than the pathogens themselves (2) . Inflammation-mediated tissue damage is a major pathogenetic mechanism in several inflammatory disorders, including systemic lupus erythematosus (3, 4) and ischemia/reperfusion-induced tissue injury (5) (6) (7) . In these diseases complement enhances tissue injury through its contribution to inflammation (8, 9) .
Previous work has shown the involvement of the complement proteins C3a and C5a in the priming phase of liver regeneration (10 -12) . A lack of complement signaling in complement-deficient mice resulted in impaired liver regeneration. Intriguingly, various complement deficiencies were also associated with significant liver injury after partial hepatectomy (PHx) 5 (11) . The presence of such severe damage to liver parenchyma in mice lacking complement components unexpectedly points to the importance of these proteins for prosurvival signaling triggered during liver regeneration.
Liver regeneration is a compensatory hyperplasia occurring as a response to the loss of liver mass caused by injury or surgical resection, and it is regulated by the interplay between cytokines and growth factors (13) . Dividing and enlarging liver cells require factors that regulate cell growth and proliferation. Additionally, several mechanisms that inhibit death signaling are activated in these cells. Recent investigations have shown that some of the factors implicated in the regulation of liver cell proliferation are also important for the survival of regenerating liver cells (13, 14) . Antiapoptotic signaling triggered by these factors includes the PI3K/Akt/mammalian target of rapamycin (mTOR) pathway. The PI3K, Akt, and mTOR proteins comprise one of the best characterized prosurvival signaling pathways and are also involved in the regulation of several other crucial cellular processes, including transcription, translation, metabolism, and cell cycle progression (15) . It has been also suggested that IL-6, produced and secreted by activated Kupffer cells, is a major activator of this prosurvival signaling in regenerating liver cells (16) .
We now present evidence that complement anaphylatoxins generated through activation of the complement cascade contribute to the activation of this signaling by regulating the cytokine milieu during liver regeneration, and that this contribution is essential for the survival of liver cells during regeneration.
Materials and Methods

Animal studies
Complement-deficient mice lacking C3 (C3 Ϫ/Ϫ ), the C3a receptor (C3aR Ϫ/Ϫ ), the C5a receptor (C5aR Ϫ/Ϫ ), or both C3 and C5 (C3/C5 Ϫ/Ϫ ) have been previously described (11, (17) (18) (19) . Complement-deficient mice were backcrossed for at least nine generations onto a C57BL/6 background, and their wild-type littermates or C57BL/6J mice (The Jackson Laboratory) were used as controls.
For PHx studies, male mice 12-16 wk of age were anesthetized and subjected to midventral laparotomy with ϳ70% liver resection (PHx) (20) .
Control animals were subjected to midventral laparotomy without manipulation of the liver (sham). Histological slides from the resected liver lobes were analyzed to exclude preexisting pathology. One hour before sacrifice, at 0 h or after 12 h, BrdU (Sigma-Aldrich) was injected i.p. at a single dose of 50 mg/kg animal weight. At the time of sacrifice, clinical status was assessed, mice were anesthetized, blood was harvested from the inferior vena cava, and the remaining liver lobes and other internal organs were removed, weighed, and processed for protein or histological analysis. Histological slides prepared from lungs, kidneys, spleen, intestine, and pancreas of sacrificed mice were analyzed for the presence of any morphological abnormalities that could indicate infection. Mice with an inflammatory infiltrate in any of the internal organs were excluded from further analysis. To assess complement activation or the levels of cytokines secreted during liver regeneration, 30 l of blood was collected with EDTA (for plasma) or without anticoagulant (for serum) from the tail vein before and 0.5, 1, 2, 3, 6, 12, 24, 48, and 72 h after PHx. Plasma and serum were separated by gentle centrifugation (1000 ϫ g) at 4°C for 10 min and then stored at Ϫ70°C until analyzed.
For reconstitution studies, C3/C5 Ϫ/Ϫ mice were injected i.p. with three successive doses of synthetic mouse C3a and/or C5a 20 min before and at two 6-h intervals after PHx (15 g/mouse/injection). Synthesis of mouse C3a and expression of C5a has been described previously (11) . C3 Ϫ/Ϫ mice were reconstituted i.p. with C3-sufficient and -deficient mouse sera (freshly collected) 20 min before or 8 h after PHx.
Mice were housed in an animal facility of the University of Pennsylvania, within a barrier, on a 12-h light/dark cycle. Before the engagement of mice into the experimental groups, sera and feces were tested for the most common rodent infections, including Helicobacter hepaticus. Water and standard rodent diet were provided ad libitum. All mice were used with the approval of the University of Pennsylvania Institutional Animal Care and Use Committee and under National Institutes of Health guidelines.
Extract preparation
Whole-cell protein extracts from the liver were prepared in the presence of protease and phosphatase inhibitors as previously described (21) .
Liver histology and immunohistochemical staining
Liver morphology was assessed by light microscopy (Olympus BX 60) of H&E-stained 5-m paraffin sections in a blinded fashion. Staining for BrdU, quantification of the proliferative fraction of hepatocytes, and analysis of the presence of apoptotic cells in paraffin liver sections were performed as described previously (12) .
ELISA for measuring C3b/iC3b/C3c
The levels of C3 cleavage products, reflecting the activation of complement, were determined in mouse plasma as described (12) . The magnitude of complement activation is expressed as the percentage of C3 cleavage products relative to that measured in sera activated with cobra venom factor, which is considered to cause 100% complement activation.
Monitoring of the cytokine response in mouse sera
The multiplex bead-based assay system (Bio-Plex; Bio-Rad Laboratories) was used to determine the levels of IL-6 and TNF in mouse sera before and after PHx. The assay was conducted according to the manufacturer's instructions.
Immunoblots
Samples of whole-cell protein extracts (100 g) were electrophoresed on polyacrylamide gels and transferred to polyvinylidene difluoride membranes. Membranes were incubated overnight at 4°C with the following Abs: rabbit anti-human phospho-JAK1 (Tyr 
Data analysis
Statistical analyses were performed using the unpaired t test (Microsoft Excel), two-way ANOVA (GraphPad Prism; GraphPad Software), and the 2 test. A p value of 0.05 or less was considered to indicate a significant difference between groups.
Results
Complement prevents the death of proliferating liver cells
Previous results showed that C3 and C5 complement deficiencies, as well as pharmacological blockade of the C5aR, were associated with impaired proliferation of hepatocytes and severe injury to the liver parenchyma after PHx (11) . The presence of tissue injury 44 h after liver resection in these mice suggested that complement, in addition to regulating the proliferation of regenerating liver cells, is also involved in protection of these cells from damage. Therefore, we examined the mode and kinetics of cell death after PHx in complement-deficient mice. A deficiency of C3, the major complement component, eliminates most of the activities of the complement system. We found that the absence of C3 was associated with the presence of apoptotic hepatocytes, either dispersed or in small groups, as soon as 2 h after PHx in significantly higher numbers compared with littermate controls (Fig. 1 , A, E, and I). The larger number of apoptotic hepatocytes demonstrated by staining for the cleavage product of caspase 3 ( Fig. 1E ), in comparison to TUNEL (Fig. 1I ), suggested that liver cells are in the early stages of apoptotic cell death 2 h after PHx (TUNEL staining for wild-type livers is not shown, as no apoptotic cells were detected).
During the observation period, the magnitude of liver injury increased in C3 Ϫ/Ϫ mice, reaching its maximum at 36 h ( Fig. 1 , F and J) and remaining at that same level at 48 h (Fig. 1 , G and K) and 72 h (Fig. 1 , H and L) after PHx. At these time points, large confluent areas of damaged liver parenchyma were observed in C3 Ϫ/Ϫ mice, whereas the liver parenchyma of control mice was free of damage (Fig. 1, B-D) . The distribution of apoptotic areas did not show any relationship to histological liver structures such as portal triads or central veins, suggesting that the presence of apoptosis in C3 Ϫ/Ϫ mice was not associated with ischemia or portal tract pathology, but was likely directly linked to complement deficiency. These results suggested an early requirement for complement components for the protection of parenchymal liver cells from injury.
Liver regeneration is associated with complement activation
To exert their functions, complement proteins need to be activated by enzymatic cleavage. Therefore, we examined whether complement activation occurs during liver regeneration after PHx. As C3 cleavage is a common event for all pathways of complement activation, we analyzed the presence of C3 cleavage products in plasma samples collected from mice subjected to PHx. This analysis showed a pattern of complement activation in hepatectomized mice composed of two distinct peaks. The first peak occurred 2 h after surgery; the second, more pronounced peak was observed between 24 and 72 h, reaching a maximum at 48 h (Fig. 2) . This activation was related to liver regeneration, since sham-operated mice did not show any significant increase in C3 cleavage products in their plasma throughout the observation time (Fig. 2) .
Early complement activation is essential for liver regeneration
Given that we found a higher number of apoptotic hepatocytes just 2 h after PHx in C3
Ϫ/Ϫ mice, we hypothesized that early complement activation contributes to the survival of regenerating cells. To check this hypothesis, we reconstituted C3 Ϫ/Ϫ mice with wild-type mouse sera, containing physiological amounts of C3, 20 min before and 8 h after PHx. Seventy-five percent of C3 Ϫ/Ϫ mice that received C3-sufficient sera before PHx had no liver injury 48 h after the surgery (Fig. 3A) . Conversely, only 25% of C3 Ϫ/Ϫ mice that, before surgery, received sera lacking C3 had noninjured livers, with the rest showing severe parenchymal injury (Fig. 3B) . The presence of a low number of C3 Ϫ/Ϫ mice with intact liver parenchyma after injection of C3-deficient sera can be attributed to the particular phenotype of C3 Ϫ/Ϫ mice after PHx, as we have observed that ϳ40% of these mice do not show any signs of clinical deterioration related to liver damage after surgical resection. Conversely, all of the C3 Ϫ/Ϫ mice injected with sera (both C3-sufficient and C3-deficient) 8 h after PHx had injured livers 48 h after surgery (Fig. 3, C and D) . The inability of this later C3 reconstitution to protect livers from injury demonstrated that early activation of the complement cascade is important for the survival of regenerating liver cells.
Complement contributes to the survival of regenerating liver cells through anaphylatoxin signaling
Previous studies suggested that the anaphylatoxins C3a and C5a were involved in the priming phase of liver regeneration (11) . Therefore, to examine which of the complement components downstream of C3 are required for the survival of regenerating liver cells, C3aR Ϫ/Ϫ or C5aR Ϫ/Ϫ mice were subjected to PHx, and livers were harvested at the time at which peak hepatocyte proliferation was observed in wild-type controls (44 -48 h). Livers from both groups of receptor-deficient mice showed impaired regeneration, as demonstrated by a lack of hepatocyte proliferation (Fig.  4A) , therefore confirming previous findings. Importantly, we found that livers from these mice revealed massive apoptosis of liver parenchyma after PHx (Fig. 4, B-E) . These data suggested that the signaling triggered by both anaphylatoxins, through binding to their reciprocal receptors, contributes to both the regulation of liver cell proliferation and hepatoprotection.
Synergistic activity of both anaphylatoxins is required for full protection of liver cells from death
If both C3a and C5a are prosurvival factors required for proliferating parenchymal cells, as suggested by the experiments with mice deficient in the anaphylatoxin receptors, then mice missing C3a, C5a, or both ligands should display injury to the liver parenchyma after PHx. To test this hypothesis, we generated mice deficient in both C3 and C5 (C3/C5 Ϫ/Ϫ ), as described previously (11) . The lack of C3 and C5 prevents the formation of C3a and C5a. As expected, mice missing both anaphylatoxins displayed significant apoptosis in the liver parenchyma after PHx (Fig. 4, F  and J) . This parenchymal injury was attenuated when C3/C5 Ϫ/Ϫ mice were reconstituted with C3a (Fig. 4, G and K) or C5a (Fig. 4,  H and L) , whereas the reconstitution of these mice with both anaphylatoxins, injected simultaneously before and soon after surgery, resulted in almost complete protection from liver damage (Fig. 4,  I and M). The complete restoration of the wild-type phenotype in C3/C5 Ϫ/Ϫ livers achieved through the reconstitution of deficient animals with both anaphylatoxins (C3a and C5a), as compared with the partial restoration seen after treatment with only one anaphylatoxin (C3a or C5a), suggests that the synergistic activity of both complement mediators protects liver cells from injury during regeneration.
Lack of complement impairs cytokine responses during regeneration
IL-6 and TNF are key players in the priming phase of liver regeneration (16) . It has been previously demonstrated that pharmacological blockade of C5aR resulted in the decreased expression of genes for IL-6 and TNF 3-6 h after PHx (11). Additionally, IL-6 has recently been postulated to have a hepatoprotective role (22, 23) . Therefore, we hypothesized that prosurvival complement properties are attributed to the regulation of the cytokine response, in particular IL-6, to liver resection. To test this hypothesis, we evaluated the protein levels of IL-6 and TNF in sera of C3 Ϫ/Ϫ mice at multiple time points after PHx, since mRNA does not always correlate with the amounts of active proteins. C3 deficiency resulted in a significant reduction in the amounts of TNF at several time points after PHx and an alteration of the overall pattern of this cytokine response to liver resection (Fig. 5A) . As the amount of IL-6 was significantly lower in C3 ϩ/ϩ mice compared with C3 Ϫ/Ϫ mice before surgery (Fig. 5B) , in addition to absolute protein concentrations (Fig. 5B) , we analyzed the data expressed as a ratio between the levels at baseline and specific time points, that is, the magnitude of increase (Fig. 5C ). We found a significant difference in the pattern of cytokine induction for IL-6, with a smaller increase over baseline levels seen in C3 Ϫ/Ϫ mice.
Complement regulates prosurvival signaling
To prove a functional link between complement deficiency and apoptosis in regenerating liver, we examined intracellular signaling, which is known to contribute to the survival of regenerating liver cells after PHx. We focused this analysis on intracellular pathways regulated by IL-6, as the induction of this cytokine was significantly affected in complement-deficient mice and IL-6 is a major prosurvival factor for regenerating liver cells. The phosphorylation of JAK1, which is a direct result of IL-6 binding to its receptor (16) , was lower in C3 Ϫ/Ϫ livers at early time points after PHx (Fig. 6A) . As expected, the phosphorylation of STAT3 at Tyr 705 , which is a consequence of JAK1 activity (16) , was also decreased (Fig. 6B) , although a statistically significant difference was demonstrated only 1 h after PHx. The amount of total STAT3 protein increased slightly immediately after surgery in wild-type livers, whereas an analogous increase was not observed in C3 Ϫ/Ϫ livers (Fig. 6C) . However, these changes were minimal when compared with the induction of phosphorylated protein, indicating that the increased phosphorylation was not simply related to an increase in the amount of total protein, but rather depended on JAK1 tyrosine kinase activity. The lack of complement activity also resulted in an alteration in the PI3K/Akt pathway, as illustrated by markedly lower phosphorylation of Akt at all the time points examined (Fig. 6D) . The level of total Akt tended to decline in both C3 Ϫ/Ϫ and control livers; however, a statistically significant decrease in total Akt was observed in C3 Ϫ/Ϫ livers only at 1 h after PHx (Fig. 6E) . The PI3K/Akt pathway is linked to the mTOR pathway (24) , which is known to be involved in the hypertrophy of regenerating hepatocytes (25) . mTOR signaling leads to the activation of p70S6 kinase, which phosphorylates S6 ribosomal protein (24) . Therefore, we examined S6 phosphorylation as an indicator of whether the alteration of PI3K/Akt signaling led to similar changes in downstream mTOR signaling. The pattern of S6 phospohorylation we observed was similar to that for Akt, with lower levels of phosphorylated protein in C3 Ϫ/Ϫ livers (Fig. 6F) . Finally, to elucidate the mechanism of impaired hepatocyte proliferation in complement-deficient mice, we examined the phosphorylation of ERK. This analysis showed that, as was true for prosurvival signaling, complement also affected pro-proliferative factors, with a lower induction of ERK being observed in C3 Ϫ/Ϫ livers (Fig. 6G ) and no significant differences in total ERK protein levels (Fig. 6H) .
Discussion
This study provides evidence that complement components, despite contributing to host tissue injury in several clinical conditions (9) , protect proliferating liver cells from apoptosis. To elucidate prosurvival properties of complement components, we chose the PHx model, as the mammalian liver is the only parenchymal organ with the capacity to regenerate through the hyperplasia and hypertrophy of mature parenchymal cells. Therefore, surgical resection of this organ and its subsequent regeneration is a valid experimental setting for studying biological processes related to cell proliferation in vivo (14) . Additionally, it has recently been postulated that regenerating liver cells require protection from death signaling, and factors regulating the process of regeneration can also contribute to hepatoprotection (13) . For example, a hepatoprotective role for IL-6 has been suggested (22) . As previous work has shown that complement anaphylatoxins participate in the regulation of the initial phase of liver regeneration (priming) through cross-talk with IL-6 and TNF (11) , and several complement deficiencies have been associated with injury to the liver parenchyma after PHx, we hypothesized that complement activity is required to protect liver cells when they regenerate.
We showed that complement is activated during liver regeneration. All three pathways of complement activation converge at C3 and lead to the formation of the C3 convertases that are required for the activation of remaining complement proteins (26) . Therefore, the elimination of C3 prevents the generation of complement effectors. Thus, the considerable apoptosis of the liver parenchyma that we observed in mice deficient in C3 suggested that activated complement proteins are required for hepatoprotection.
Cleavage of C3 by C3 convertases produces the anaphylatoxin C3a, which has proinflammatory properties (27, 28) . Cleavage of C3 also leads to the formation of the C5 convertase, which produces C5a, an even more potent inflammatory mediator than C3a (26, 29) . The requirement for C3a and C5a for the protection of regenerating liver cells was demonstrated by our studies utilizing mice deficient in the receptors for C3a and C5a, which revealed the presence of severe apoptosis in livers from these mice after PHx. Further confirmation of the cytoprotective functions of the C3a and C5a anaphylatoxins was indicated by the presence of liver damage after PHx in mice lacking both ligands (C3/C5 Ϫ/Ϫ mice). Nearly full protection of these mice against liver injury, after simultaneous reconstitution with both C3a and C5a, confirmed that the synergistic activity of both anaphylatoxins is required for the inhibition of death signaling in regenerating liver cells.
The absence of complement activity in C3 Ϫ/Ϫ mice altered the induction of TNF and IL-6 after PHx. Both of these cytokines are crucial regulators of the priming phase of liver regeneration, while, importantly, IL-6 is also involved in hepatoprotection (22) . Notably, Kupffer cells that produce and secrete these cytokines express anaphylatoxin receptors (30) . Reciprocal interactions between complement anaphylatoxins and cytokines have been demonstrated in the context of the immune response (31) . However, our observations suggesting that complement effectors act as upstream regulators of the cytokine network, which in turn may influence the fate of proliferating epithelial cells, revealed an unrecognized function of complement. Previous work showed that blocking the C5aR affected mRNA levels of TNF and IL-6 at single time points after liver resection (11) . Currently, by monitoring serum amounts of cytokines at multiple points after PHx, we found that lack of complement activities in C3 Ϫ/Ϫ mice resulted in a lower induction of IL-6 3-6 h after surgery. This time window corresponded to the early complement activation that was observed in wild-type mice. Additionally, the importance of this early activation for regeneration was proven by testing pre-and post-PHx reconstitution of C3 Ϫ/Ϫ mice with sera containing C3. Importantly, only C3 delivered before surgery prevented liver injury. Thus, these experiments demonstrated that early complement activation is essential for the proliferation and survival of hepatocytes, and that this corresponds to the peak of IL-6 secretion after liver resection. The lack of an effect of C3 reconstitution on the C3 Ϫ/Ϫ phenotype after PHx, when C3 was administered 8 h after surgery, ruled out the contribution of "late" complement activation to hepatoprotection. Therefore, we hypothesize that the second peak of complement activation can be attributed to the removal of necrotic tissue at the site of resection, based on previous study showing the contribution of C3 to the clearance of damaged liver parenchyma (12) . Although PHx in wild-type mice is not associated with damage to the regenerating portion of the liver, the tissue located distally to the sutures undergoes necrosis due to an interrupted blood supply. Most of this tissue is removed during surgery; however, a small remaining portion gradually undergoes necrosis and likely activates complement through mechanisms involving danger-associated molecular patterns (32) .
IL-6 signaling is currently the best characterized pathway thought to be associated with hepatoprotection (22) . The binding of IL-6 to its receptor induces the phosphorylation of JAK1, which is an upstream activator of STAT3, a transcription factor required for hepatoprotection (22) . The phosphorylation of Tyr 705 of STAT3 leads to dimerization of this protein and its translocation into the nucleus, where it activates immediate-early phase genes involved in the regenerative response (16) . IL-6 is also involved in the activation of the PI3K/Akt pathway, a well-recognized antiapoptotic signaling pathway in several biological systems, including liver regeneration (33, 34) . PI3K/Akt signaling interacts with the mTOR pathway, which is fundamentally important for the growth of benign and malignant cells (35) . The alterations in intracellular prosurvival signaling that we observed in the livers of C3 Ϫ/Ϫ mice after PHx included a decreased phosphorylation of STAT3, JAK1, and Akt. Additionally, we found lower phosphorylation of the S6 ribosomal protein in these livers, highlighting a potential link between complement and the mTOR pathway. Based on these changes seen in C3 Ϫ/Ϫ mice in proteins related to IL-6 prosurvival signaling, we postulate that prosurvival complement activities are attributed to regulating the IL-6 response to PHx. Additionally, the kinetics of signaling alterations for these proteins correlated with the observed peaks of IL-6 secretion and early complement activation, further confirming functional associations between complement, IL-6, and intracellular hepatoprotective signaling. Finally, the presence of early apoptosis in C3 Ϫ/Ϫ livers strengthens this hypothesis and indicates that the phenotype observed in mice lacking complement activities is a result of the described molecular alterations.
Thus, disturbances in extracellular events such as a lack of complement activity and an impairment of the induction of IL-6 correlated with alterations in intracellular prosurvival signaling that is triggered in the liver to prevent cell death. These correlations point to a consequential link between complement deficiencies, alterations in the cytokine milieu, and inhibition of intracellular prosurvival signaling in the liver, all of which led to the parenchymal damage observed in the livers of complement-deficient mice after PHx.
Overall, this study demonstrates that the prosurvival functions of the complement system in proliferating parenchymal cells are exerted through cross-talk with the cytokine network. Although the experiments described herein were performed using a model of liver regeneration, these complement functions can potentially apply to other biological systems, including proliferating tumor cells, since the molecular mechanisms underlying complement activity in the regenerating liver are applicable to cell survival and proliferation in general. These findings also have clinical implications. The results suggest that anticomplement and antiinflammatory therapies that are widely used for patients suffering from inflammatory diseases should be applied with particular care, taking into consideration these significant interconnections between complement, cytokine networks, and antiapoptotic pathways.
